[1] Abstract: We interpret the interseismic crustal velocity field of the central Andes using a simple three-plate model in which the Andean mountain belt is treated as a rigid microplate located between the Nazca and South American (SoAm) plates. We assume that the Euler vectors associated with these plates are strictly coaxial and that the surface velocity field can be decomposed into an elastic loading field (driven by locking of the main plate boundary) and a smaller contribution associated with back arc convergence. We obtain our best fit to the geodetic velocities if the main plate boundary is fully (100%) locked between depths of $10 -50 km and $8.5% of Nazca-SoAm plate convergence is achieved in the back arc (by underthrusting of the Brazilian Shield beneath the Subandean zone).
Introduction
[2] The central Andes incorporate two of the most striking features in the entire Andean mountain belt: the $558 bend known as the Bolivian Orocline, and the Altiplano-Puna physiographic province, a high continental plateau second only to the Tibetan plateau in its area and average elevation [Allmendinger et al., 1997] . Gephart [1994] pointed out the remarkable bilateral symmetry of central Andean topography and noted a less perfect but still rather striking mirror symmetry, relative to the same plane, in the morphology of the subducted Nazca slab (Figure 1 ). Paleomagnetic studies indicate rotation of the forearc and the mountain belt relative to the craton, with anticlockwise rotation dominating in the northern limb of the orocline and clockwise rotation in its southern limb [Isacks, 1988; Randall, 1998; Beck, 1998; Kley, 1999] . Isacks [1988] suggested that this pattern of rotation manifests along-strike variation in the magnitude of Neogene crustal shortening across the central Andes. Almost all of this shortening has taken place in the back arc region to the east of the Altiplano, consisting (from west to east) of the high Eastern Cordillera, the Interandean zone, and the low Subandean zone. (Note that some authors refer to the Interandean and Subandean zones jointly as the Subandean zone.) The youngest of these morphotectonic units, the Subandean zone, is a thin-skinned fold-andthrust belt that has overthrust and is still overthrusting a slightly deformed foreland basin [Lamb, 2000] . According to Kley and Monaldi [1998] and Kley [1999] , the degree of shortening within the Subandean zone, and within the broader back arc region, has a maximum value near the Santa Cruz elbow (and Gephart's plane of symmetry) and decreases fairly steadily both to the south and to the northwest. South of the Santa CruzM elbow, the Subandean zone is believed to have formed after $10 Ma [Gubbels et al., 1993] . Given $80-140 km of shortening within the Subandean zone (Table  1) , achieved in 10 Myr, the implied average rate of shortening is !8-14 mm/yr.
[3] The direction of Nazca-South America (SoAm) convergence has changed very little in the last 20 Myr [Pardo-Casas and Molnar, 1987; Somoza, 1998 ]. While the rate of convergence has changed during this time period [Pardo-Casas and Molnar, 1987; Somoza, 1998; Norabuena et al., 1999] , at any given time the maximum rate of plate convergence along the entire plate boundary has consistently occurred in the central Andes. However, it is also true that, during this time period, the rate of Nazca-SoAm plate convergence has varied only slightly (in space) within the central Andean segment of the plate boundary. So what localized the lateral collapse of the central Andes and the associated growth of the Altiplano-Puna plateau ? Isacks [1988] suggested that the bending and uplift of the central Andes was controlled by the geometry of the subducting Nazca plate (Figure 1 ). North and south of the central Andes the subducted slab lies very close to the bottom of the South American lithosphere, whereas beneath the central Andes the slab dips more steeply, and there is an asthenospheric wedge between the slab and the upper plate. This wedge both weakened the overlying lithosphere and accommodated (by flow) the downdip extension of the Brazilian Shield underthrusting the Andes in the back arc region. Wdowinski et al. [1989] invoked an additional role for slab geometry: the steepening of the slab beneath the central Andes promotes a flow field in the overlying mantle that exerts shear stresses on the base of the upper plate, dragging it into the slab and thereby throwing the leading edge of the SoAm plate into lateral compression. The morphology of the subducted slab also exerts a Gephart's [1994] plane of symmetry (thick dashed black line). The light blue curve west of the coast is the trench axis. The black curves are the depth contours (in kilometers) for the middle of the Wadati-Benioff zone. Note the ''flat slab'' sections of the subducted Nazca plate at the northern and southern limits of the map and the relatively steep slab underlying the central Andes. The white circles show all well-located shallow seismicity (1964 -1995) from the catalog of Engdahl et al. [1998] . The open triangles indicate the active volcanic arc, which is limited to the steep slab segment. The outermost thrusts of the back arc (foreland) region, shown in solid white lines, indicate thrust faults which break the surface, whereas dashed curves indicate buried (blind) thrusts, some of which are inferred rather than observed. Abbreviations used in the figure: SAN, the northern Subandean zone; SAS, the southern Subandean zone; SC, Santa Cruz elbow; SB, Santa Barbara belt; SP, Sierras Pampeanas. strong influence on the geometry of the active volcanic arc (Figure 1 ), as it does in other subduction zones [Barazangi and Isacks, 1977; Bevis and Isacks, 1984] .
[4] Although the style of back arc shortening changes along the strike of the orogen , back arc shortening of one kind or another is characteristic of the Andes as a whole. The notion that the modern Andes, in general, were produced by lateral compression of the leading edge of the South American plate owing to the strong coupling of these plates at their interface [Dewey and Bird, 1970; Uyeda, 1982] draws support from the highly seismogenic character of this plate boundary. Chile alone suffers a magnitude 8 earthquake about once every 10 years. The recurrence interval for great earthquakes along most of the NazcaSoAm plate boundary is of the order of 100 years. The central and southern Andes have the highest ratios of seismic to plate tectonic (or geodetic) slip of any subduction zone on Earth, and they are described as having very large coefficients of seismic coupling [Ruff and Kanamori, 1980; Peterson and Seno, 1984; Kanamori, 1986; Scholz, 1990] . The locking of the subduction interface during the interseismic phase of the earthquake cycle requires pervasive elastic straining of both plates. Because the locked plate interface has a shallow dip and dips down toward the upper plate, interseismic straining at the Earth's surface is asymmetric: surface strain rates near the locked zone are much larger on the upper plate. Elastic loading signals of this kind have been measured by Japanese geodesists for more than 100 years. In the central Andes, direct geodetic observation of the earthquake deformation cycle began only during the last decade.
Crustal Velocity Field of the Central Andes
[5] The recent crustal velocity field of the central Andes, north of $238S, is being measured by the South America-Nazca Plate Motion Project, known as SNAPP [Norabuena et al., 1999] and by the central Andes GPS Project, known as CAP [Kendrick et al., 1999; Bevis et al., 1999] . Kendrick et al. [2001] analyzed all CAP and SNAPP data collected between January 1993 and March 2001 so as to produce an integrated velocity field for the central Andes. See Kendrick et al. [2001, Table 2 ] for a complete listing of station velocities expressed in a frame of reference attached to the stable core of the South American plate. The total observational time span varies greatly from one GPS station to another, from a minimum span of 2 years to a maximum span of more than 7 years. In this paper we make a preliminary analysis of this interseismic velocity field. [6] Both the CAP and the SNAPP networks were constructed to study the interseismic, coseismic, and postseismic phases of the earthquake deformation cycle, as well as the neotectonic processes associated with mountain building. The biggest challenge presently facing crustal motion geodesists attempting to study the growth and development of mountain belts above strongly coupled subduction zones, such as the Andes, is isolating the displacements associated with orogenic processes from the much larger elastic signals, driven by locking of the main plate boundary, in which they are submerged. Given a hundred years or more of geodetic observations it would be easier to separate the transient horizontal and vertical signals associated with the earthquake deformation cycle from the permanent and progressive (i.e., nonreversing and accumulating) motions and deformations associated with intraplate deformation and the growth of topography. However, since the GPS networks of the central Andes are less than 10 years old, our sampling of the earthquake deformation cycle is highly incomplete. South of $238S, the 1995 Antofagasta (Mw = 8.0) earthquake was observed by project CAP and, in considerably more detail, by our sister project SAGA [Klotz et al., , 1999 . In our present study area, north of 238S, the only major earthquake to have occurred in the central Andes since geodetic measurements were initiated was the recent (Mw = 8.4) South Peru earthquake that occurred on 23 June 2001, just as the analysis for this paper was being completed. Accordingly, the velocity field analyzed here characterizes only the interseismic phase of strain accumulation preceding this great earthquake.
3. Modeling Elastic Strain in the Central Andes [7] The sharp change in the trend of the central Andes, and the associated changes in the obliquity of plate convergence [McCaffrey, 1994] , should produce an unusual and characteristic signature in the elastic loading component of the velocity field. Bevis and Martel [2001] have used a simple, half-space elastic model to investigate interseismic strain accumulation above a subduction zone associated with oblique plate convergence. The horizontal surface velocity field near the leading edge of the upper plate is found to rotate as distance from the trench increases. Above the locked portion of the plate interface, surface velocity is more oblique than the plate convergence vector. Farther back, toward the interior of the upper plate, the surface velocity is less oblique than the plate convergence vector. This situation is illustrated in Figure 2a , in which the subduction zone has no map-view curvature and the obliquity of plate convergence does not change along strike. It is clear from Figure 2 that the surface velocity field associated with interseismic straining of the upper plate does not parallel the direction of plate convergence.
Figures 2b and 2c depict bent plate boundaries characterized by two straight sections joined by a curved segment in which the locked plate interface has constant dip. Away from the bend, the interseismic velocity field rotates as in Figure 2a , emphasizing the strike-slip component of plate convergence above and just behind the locked zone and emphasizing the dip-slip component of plate convergence further back into the interior of the upper plate. Because the plate boundary is oceanward convex in Figure 2b but oceanward concave in Figure 2c , the directional fabric of the two velocity fields is quite different. Clearly Figure  2c is closer to the geometry we observe in the central Andes, though it differs from the real world example in several respects. Note that across the bend, the surface velocity field above the locked zone has a component of along-strike (or longitudinal) convergence and that the velocity field in the ''northern'' limb rotates counterclockwise (CCW), whereas the Geochemistry Geophysics Geosystems G 3 G velocity field in the ''southern'' limb rotates in the opposite sense producing an along-strike divergence in the back arc ( Figure 2c ). This velocity field is reminiscent of one recently derived for the central Andes by Lamb [2000] using a fluid flow model in which buoyancy stresses play an important role. Indeed, the directional fabric of our Figure 2c and Lamb's Figure 13a are strikingly similar. This similarity serves to remind us of the nonuniqueness problems inherent in any interpretation of crustal deformation data. [8] We first attempt to model the GPS velocity field of the central Andes using a realistic geometrical model of the locked interplate boundary and a GPS-based Euler vector for Nazca-SoAm convergence but ignoring the role of back arc convergence. We assume that the interplate boundary is 100% locked in the depth range 10-50 km (we considered scenarios with lower rates of locking, but they led to poorer fits with the GPS velocities). We estimated the geometry of the 50 km depth contour using the contour of as a starting point and revised it using catalogs of earthquake hypocenters and centroid moment tensors (CMTs). We then determined a 10 km contour by interpolating between the 50 km contour and a three-dimensional space curve representing the depth at the axis of the Peru-Chile trench. We constructed a geometrical model for the locked zone by tiling the interval between the 10 and 50 km contours with a set of triangles (the green lines in Figure 3 Angermann et al. [1999] , except that our velocity vectors are rotated 38-48 clockwise relative to theirs. Between 138 and 308S, the Nazca-SoAm convergence rates predicted by CAP05 (at the trench axis) fall in the range 61.5-63.4 mm/yr, with the maximum value occurring near 268S.
[9] We model the elastic loading signal produced by locking of the plate boundary using the well-known backslip formalism of Savage [1983] . Like Bevis and Martel [2001] we implemented this computation in an elastic halfspace, but in this study we utilized triangular rather than rectangular dislocation elements, employing the equations provided by Comninou and Dundurs [1975] and the general approach of Jeyakumaran et al. [1992] . Figure 3 . We call this model LPB100 because it invokes a locked plate boundary (LPB) and assumes that 100% of Nazca-SoAm plate convergence is achieved at this boundary.
[10] The elastic loading model, LPB100, predicts velocities (the red lines in Figure 3 ) that are in reasonable agreement with the GPS results near the coast but are much smaller than the GPS velocities for stations located in the eastern half of the mountain belt (particularly so near the Santa Cruz elbow). That is, the model velocity field decays much more rapidly with increasing distance from the coast than does the geodetic velocity field. Two possible explanations for this finding are fairly obvious. First we implemented the backslip model in an elastic halfspace, whereas at interseismic timescales, sub-lithospheric mantle acts as a fluid and not as an elastic solid. It would be better to implement the backslip model in an elastic plate rather than an elastic halfspace. This would cause the (elastic) surface velocity field to decay more slowly (spatially) toward the interior of the upper plate. Second, our model completely neglected any crustal velocity component associated with back arc convergence. There is ample geological evidence for shortening of !8 mm/yr across the southern Subandean zone since 10 Ma (Table 1) . At stations TRES, YAVI, TARI, and ENRI, where the measurement errors are relatively small, the elastic model seriously underpredicts the observed velocities. However, it is also clear that the GPS velocities are declining quite rapidly to the east as one approaches the outermost thrusts of the Subandean zone. (Note that station PSUC, in the craton, is essentially stationary.) The suggestion is that the observed velocities at these stations derive primarily from shortening within the Subandean zone rather than from elastic signals produced by locking of the main plate boundary. Accordingly, we leave consideration of plate rather than halfspace models of interseismic straining to a later work, and we focus in the rest of this paper on extending our existing velocity model by incorporating a contribution from back arc convergence.
Extending the Velocity Model to Incorporate Back Arc Convergence
[11] According to Gubbels et al. [1993] , sometime after 10 Ma, the Eastern Cordillera began to overthrust the Brazilian shield on a midcrustal detachment that merges updip with the master décollement (basal detachment) of the Subandean zone. The Eastern Cordillera acted as a ''bulldozer'' that drove the development of the Subandean fold and thrust belt by shearing the Phanerozoic cover off the underthrusting Brazilian shield. The simplest way to explain both the geological observations and the GPS velocity gradient observed across the Subandean zone is to assume that the décollement underlying the Subandean zone is freely slipping at depth but locked near the front (i.e.,
Geochemistry Geophysics
Geosystems G 3 G eastern edge) of the fold-thrust belt. Since the décollement is both shallow and very gently dipping near the deformation front, the effects of locking would be highly localized in space: they would not extend very far west of the bottom of the locked zone. In order to model this process in any detail, we need to know the geometry of the locked portion of the décolle-ment. This is not known a priori, and given the sparsity of the present GPS networks, it probably cannot be inverted from the GPS observations with any great confidence. However, since the influence of locking would be localized, we can infer the impact of back arc convergence on the velocity field well to the west of the locked portion of the décollement: it should be very similar to the influence of a freely slipping décollement. Accordingly, we next consider the velocity field associated with a locked main plate boundary and a freely slipping back arc décollement, and we defer consideration of back arc locking to a later section of this paper.
[12] The simplest way in which to implement a model with a locked plate boundary and a freely slipping back arc décollement is to construct a three-plate model in which the Andean mountain belt is treated as a rigid microplate located between the Nazca plate and the South American plate and to assume that the Euler vectors for Nazca-Andean motion and Andean-SoAm motion are coaxial. That is, the Nazca-SoAm convergence is partitioned between the NazcaAndean boundary (i.e., what we have been calling the ''main plate boundary,'' which is partially or wholly locked) and the AndeanSoAm boundary (which we assume, for now, to be freely slipping). We explored the impact of various locking rates on the main plate boundary, as well as the ratio of forearc to back arc convergence. In Figure 4 we show our best fit model in which 91.5% of NazcaSoAm convergence is assigned to the main plate boundary, which is 100% locked at depths of 10 -50 km, and the remaining 8.5% of plate convergence is assigned to a décollement that nominally daylights at the dashed magenta line. We call this model FSD8.5C, since it assumes that a freely slipping décollement (FSD) accounts for 8.5% of Nazca-SoAm convergence (8.5) and that the three Euler vectors associated with the three plates are strictly coaxial (C). As long as we ignore shallow locking of the décollement, the precise position of its surface trace is not important: all stations to the west of this trace get a velocity boost due to Andean-SoAm convergence, and all stations to the east of it do not. All we really need to know for now is which stations lie above or to the west of the décollement and which stations lie in the craton.
[13] The augmented model, FSD8.5C, produces a much better fit to the GPS velocities (Figure 4 ) than did the previous model, LPB100 (Figure 3) . The residual velocity field, defined as the vector velocity difference (observed-model), is shown in Figure 5 . In the eastern Andes the fit is good south of $188S and very good south of $208S. The fit is also very good almost everywhere in Peru. The largest problems occur in the Chilean forearc and in the back arc of western Bolivia. The group ''G1'' of stations enclosed by the dashed magenta curve in Figure 5 has spatially coherent residuals, with magnitudes of 3-5 mm/yr, oriented roughly NE. A second group of stations, including LEON, CNOR, SAPE, TUNA, and CHIM, has residual velocities of similar or even greater magnitude, oriented W-NW, though some of these also have large error ellipses. Even though the disagreement between the GPS estimate and the model velocity is often not significant or is only marginally significant (statistically) at a given station, the fact that groups of stations have similar misfits
Geosystems G 3 G suggests that model FSD8.5C has systematic problems in this part of the central Andes.
[14] Nearly all the SNAPP stations have a total observational time span of $2.1 years, which is about the minimum useful time interval for velocity estimation (given just two GPS campaigns). Our experience in South America and elsewhere indicates that one must be careful not to overinterpret velocity estimates based on such a short time span. The fact that the CAP and SNAPP stations with the longest time spans tend to have smaller residuals than their sister stations reinforces the need for caution.
Nevertheless it is of some interest to consider how one might modify the model (FSD8.5C) to account for the apparent discrepancies between its predictions and the GPS measurements. If we were to assume that the décollement beneath the northern Subandean zone (SAN in Figure 5 ) was fully locked down to a depth contour located (in map view) near to or west of the Eastern Cordillera Frontal Thrust (ECFT in Figure 5 ), then the predicted back arc component of velocity at stations CHIM, TUNA, and SAPE would be greatly reduced, and these stations would be nearly stationary, in accord with the GPS measurements. Depending on the Figure 3 .
Geosystems G 3 G precise geometry of the lower portion of this locked zone, the residuals at LEON and CNOR could be reduced too, though it is hard to see how the north component of these velocity residuals could be eliminated. [15] It is possible that our geometrical model for the locked plate boundary near station IQQE is inaccurate and, as a result, that we have underestimated the elastic loading signal at the stations in group G1. It would be helpful if the seismologists working on the interplate seismicity of the Andes could provide us with better, and geometrically more explicit, models for the zone of shallow underthrusting. (Vertical sections depicting interplate seismicity would be more useful if they were always labeled with the latitudes and longitudes of both end points. It would be even more convenient if the interplate zone of seismicity were characterized as a surface in three-space, rather than as one or more curves presented graphically in vertical sections.) Additionally, we can probably improve our mathematical model for the deformation associated with locking of the main plate boundary by implementing our 
G1
Figure 5. Velocity residuals (observed-calculated) for model FSD8.5C (thick black lines). The GPS velocities are also shown (subdued gray lines). The 95% error ellipses refer to the residuals rather the observed GPS velocities, so to assist the reader in determining the significance of the misfit at each station. Note, for example, that while station TUNA has the biggest residual, it also has the largest uncertainty.
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[16] We could obtain a better fit to our GPS results if we abandoned the three-plate model with its coaxial Euler vectors. If we assumed instead that the motions of the southern and northern limbs of the orocline (relative to the craton) could be described using different Euler vectors, we could certainly reduce many of the larger residuals that presently occur near the Iquique-Santa Cruz axis (Gephart's axis of symmetry), particularly if we allowed both north limb-craton and south limb-craton convergence to be modeled using poles that could differ from the pole of Nazca-SoAm convergence. However, this four-plate model would imply relative motion of the northern and southern limbs of the orocline near their junction, and there are no major transverse structures (cutting right across the orogen) nor lines of shallow seismicity to accommodate or manifest active tectonic segmentation of this kind. However, Lamb [2000] has argued rather convincingly that oroclinal bending is an ongoing tectonic process and that the strains associated with bending are accomplished diffusely by suites of relatively minor structures. We are reluctant to ''escalate'' our modeling in this way until another round of GPS measurements has been completed and analyzed and we can be sure that the residuals in Figure 5 do not derive from measurement errors. Nevertheless, such an escalation may eventually prove necessary. In the meantime our simple three-plate model can serve as a conceptual point of departure for researchers considering more complicated models.
Present Rate of Shortening in the Southern Subandean Zone
[17] The stations TRES, YAVI, TARI, ENRI, and PSUC, which span the southern Subandean zone near the border between Bolivia and Argentina, have some of the best-constrained velocity solutions in the central Andes. The GPS velocity estimates for stations TRES, YAVI, and TARI have magnitudes of 8-10 mm/yr and are oriented very close to N828E. The GPS velocity at ENRI is just 4.1 mm/yr, N948E, while PSUC is nearly stationary. According to our simple half-space model, the elastic loading signal associated with locking of the main plate boundary is 2.6 mm/yr at YAVI and TRES, 2.3 mm/yr at TARI, and 1.9 mm/yr at ENRI. This component is a transient elastic signal that will be reversed during a future earthquake and therefore does not contribute to long-term geological change. By subtracting this elastic contribution from the average velocity of stations TRES, YAVI, and TARI, we find the net rate of shortening between these stations and the craton is $6.5 mm/yr. (Because model FSD8.5C tries to fit the entire central Andes and not just the area near 228S, it predicts only 5.4 mm/yr of back arc convergence in this part of the orogen.) We can explain the velocity at ENRI, which is only about half of the mean velocity of TRES, YAVI, and TARI, by supposing that shortening is still occurring in the Subandean (and Interandean) fold and thrust belt between TARI and ENRI. Alternatively, and perhaps more plausibly, we can assume that nearly all geological (long-term, progressive) shortening east of TARI occurs east of ENRI, near the front of the Subandean zone, but that the shallow part of its basal detachment is presently locked, and this is producing an elastic signal which decays rapidly to the west but is still strong enough at ENRI to suppress about half of the velocity associated with back arc convergence.
[18] There is some seismicity in the Subandean zone, but the rate of moment release is low compared to the ''flat slab'' regions north or south of the central Andes . Figure 1 shows all well-located shallow
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Geosystems G 3 G events in the time interval 1964-1995. Available focal mechanisms indicate less than a dozen or so earthquakes, all minor, that could plausibly manifest underthrusting on the master detachment underlying the Subandean zone and, given poor depth control, some of these could be located above or below the detachment and so represent activity on other faults Chinn and Isacks, 1983; Lamb, 2000] . So the seismological evidence indicates that most of the detachment has been aseismic for $40 years, and therefore it has been either freely slipping or continuously locked. The GPS velocity field suggests that lower portion of the detachment is freely slipping and the upper part is locked. Shallow locking of at least the updip edge of the basal detachment is expected in the southern Subandean zone, since the detachment does not actually reach the surface. We need a denser GPS network to better elucidate the pattern of shallow locking.
[19] Station SUCR, well to the north of TARI but in a similar tectonic setting, has a wellconstrained velocity solution of $11.6 mm/yr. The elastic contribution from the main plate boundary is only 2.1 mm/yr, implying that at 188-198S the Subandean zone is shortening at $9.5 mm/yr. This is considerably larger than the 6.5 mm/yr of shortening estimated farther south, near 228S. However, both estimates are smaller than the rates suggested by balanced cross-section analysis of the fold and thrust belt (Table 1) . Prior interpretations of a 10 Ma date for the initiation of thrusting in the Subandean belt were based on regional correlations of marine strata of that age (the ''Yecua'' formation). More recent geochronological work has suggested that the correlated strata are locally as old as 14 Ma and as young as 8 Ma with one questionable section yielding a much older age still. In other words, the previous correlations are probably incorrect. A more reliable, though indirect, estimate of the age of initiation of Subandean/Interandean deformation can be made by determining the age that significant shortening ceased in the Eastern Cordillera. That age [Gubbels et al., 1993] ranges from 9 to $13 Ma. Given the uncertainties in the estimates of the magnitude of shortening along any particular section, combined with the lack of knowledge about exactly when Subandean deformation began, the geological data can be interpreted to be identical to the geodetic estimates for the rate of back arc deformation or could be 30-50% higher. Work currently in progress should improve this situation in the near future.
[20] If the present hint that the geological rates of shortening are higher than the geodetic rates is verified by future work, a possible explanation for this discrepancy is that the rate of shortening in the Subandean zone has been steadily decreasing during the time that this foreland belt has been forming. According to Somoza [1998] the Nazca-SoAm convergence rate at $228S has fallen by 5.7 mm/yr per Myr since $10.8 Ma. This implies that the present convergence rate is only $69% of the average rate for the last 10 Myr. Since plate convergence is the primary driver of back arc convergence, we might expect a similar difference between the geological estimates for shortening in the Subandean zone and the geodetic estimates for the present rate of back arc convergence. Assuming the Subandean zone formed nearly 10 Myr ago or more recently, its average rate of shortening has been at least 8-14 mm/yr, and applying a factor of 0.69 implies a present-day rate of at least 5.5-9.5 mm/yr, which compares reasonably well with the present GPS results.
(However, this argument may be simplistic in that plate convergence may drive back arc shortening indirectly, via the growth of regional topography and the onset of gravitational spreading. In this case a slowing of plate convergence might not lead to an imme-diate drop in the rate of back arc shortening driven by gravitational spreading.) [21] The deformation front of the southern Subandean belt is commonly thought to be blind; that is, the décollement does not come up to the surface but dies out in a buried tip line. The fact that stations PSUC and INGM are not moving relative to the craton suggests that they are located east of the deformation front. The same is true of stations CHIM, REYE, and FITZ further north. The precise location of the deformation front is not yet known.
Conclusions
[22] Like Norabuena et al.
[1998], we find it necessary to invoke both elastic loading (produced by locking of the main plate boundary) and back arc convergence (underthrusting of the Brazilian Shield) in order to explain the recent crustal velocity field of the central Andes. Largely because of a systematic difference between the velocity fields that Norabuena et al. [1998] and Kendrick et al. [2001] attained for Bolivia and Peru, our models differ in detail. We find no compelling evidence for slip partitioning on trench-parallel structures in the Peruvian forearc. Instead we prefer to explain the curvature of the forearc velocity field as a manifestation of elastic strain partitioning controlled by along-strike changes in the obliquity of plate convergence [Bevis and Martel, 2001] . Norabuena et al. [1998] concluded that the main plate boundary was only partially ($50%) locked, but we find it necessary to invoke 100% locking of this plate boundary. Small changes to the upper and lower locking depths (10 and 50 km) in our model have only a modest effect on the predicted velocity field, but changes in the locking rate produce directly proportional changes in the elastic component of velocity. Our finding of 100%, or nearly 100%, coupling across the main plate boundary is consistent with the highly seismogenic character of this plate boundary. Our model requires that only $8.5% of total Nazca-SoAm plate convergence (5-6 mm/yr) takes place in the back arc, which is significantly less than the 10-15 mm/yr estimated by Norabuena et al. [1998] .
[23] The best-constrained GPS velocity estimates imply that the modern rate of shortening in the southern Subandean zone increases from $6.5 mm/yr near 21.58S to about 9.5 mm/yr near 18.58S, implying that eastward motion of the forearc and central core of the mountain belt cannot be explained completely by a rigid body motion. The geologically determined shortening rates within the Subandean zone are less well constrained than the geodetic rates. Not only is it difficult to accurately determine total shortening using balanced cross sections, but the total time taken for the Subandean zone to form is not yet well constrained. Accordingly, it is probably premature to place any great significance on the apparent discrepancies between the geological and the geodetic rates. While the differences between the geodetic and geologic rates are probably not statistically significant, geological estimates of shortening rate allow (and perhaps suggest) that the rate of back arc shortening varies with latitude, and the GPS results seem to suggest the same thing. When projects SNAPP and CAP produce improved geodetic velocity estimates in the near future, it may be necessary to move beyond the simple three-plate model. However, significant densification of these GPS networks will be required (at least locally) to fully realize their potential impact on our understanding of the various tectonic and seismogenic processes currently operating in the central Andes.
[24] While the insights obtained by combining geodetic and geological studies of the central Andes are largely kinematical in nature, they should allow us to integrate our measurements over a range of timescales and so provide much stronger constraints on geodynamical models of the mountain building process. The prospect of soon being able to separate the forearcdriven and back arc-driven components of the surface velocity and strain fields should also interest seismologists working on the earthquake deformation cycle.
